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We consider the slowing down and storing of laser pulses
in atomic Bose-Einstein condensates (BEC). The theory is
based on the concept of slow polaritons for describing the
propagation of laser pulses in an electromagnetically induced
transparency (EIT) medium. A general treatment shows the
possibility to revert the stopped polaritons. In contrast to
the previous analysis of EIT polaritons, the slow polaritons
need not necessarily be at the exact EIT resonance, in which
case they acquire a finite radiative lifetime. It is shown that
the slow polariton can be moved out of the EIT resonance by
reversing the control beam; the effect is most significant for
counter-propagating control and probe lasers.
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Recently, electromagnetically induced transparency
(EIT) [1–4] was shown to slow down dramatically [5],
or even to stop completely [6,7], laser pulses in atomic
gases. The experiments [5–7] involve media of three-level
atoms interacting with two lasers—a control beam and
a probe pulse. The atoms have two hyperfine ground
states, |g〉 and |q〉, and an electronically excited state
|e〉, as illustrated in Fig. 1(a). The level g is populated
initially (before applying the probe pulse to couple the
states |g〉 and |e〉). The role of the control beam is to in-
troduce a transparency window for the probe pulse which












FIG. 1. (a) Atomic levels in the Λ configuration, with two
hyperfine ground states |g〉 and |q〉, and an electronically excit
ed state |e〉. (b) A control laser couples dynamically the states
|q〉 and |e〉, producing the excited state doublet.
Such behavior can be understood in terms of a branch
of slow polaritons appearing between two close atomic
resonances, as shown in Fig. 2 (see also Fig. 2b in
Ref. [8]). In fact, the control laser couples dynamically
the states |q〉 and |e〉, bringing the level |q〉 into resonance
with the excited state |e〉. Consequently, the excited level
splits into the doublet [Fig. 1(b)] required for the forma-








FIG. 2. Polariton dispersion branches in a medium with
two resonance frequencies. The EIT resonance corresponds
to the point where ω = ω0 = ck0 and hence n = 1.
Polaritons are the normal modes of a combined system
of the radiation field and matter. Over the last decade
the polariton concept has been applied widely to describe
the quantized radiation field in dielectric media [8–14].
Most of these studies, however, have been designed for
media composed of two-level atoms, and hence do not ac-
commodate the slow EIT polaritons. Slow polaritons ap-
pear in the analysis beyond the two-level model [8,13,14].
Yet the existing theoretical work [8,13,14] does not deal
specifically with EIT. More recently, EIT (dark state)
polaritons were considered by Fleischhauer and Lukin
[15,16] who predicted the storage of a probe pulse (stop-
ping of the polariton) by switching off the control laser.
Here we present a general treatment of slow polari-
tons in EIT media. Our analysis shows the possibility
to revert the stopped polariton. The theory is designed
for atomic Bose-Einstein condensates (BECs), yet the
findings are relevant to ordinary atomic gases as well.
In contrast to the previous analysis of EIT polaritons
[15–17], the slow polariton is now not necessarily at the
exact EIT resonance. (For instance, the slow polariton
can be moved out of the EIT resonance by reversing
the control beam, an effect that is most significant for
counter-propagating control and probe lasers.) As a re-
sult, the polariton acquires a finite excited-state contri-
bution, leading to a finite radiative lifetime. It is also
shown that in order to store the essential information
contained in the probe pulse, there is no need for an adi-
abatic switching off of the control laser, so long as the
entire probe pulse lies inside the medium.
Consider a gas of Bose atoms with an internal en-
ergy level structure as depicted in Fig. 2(a). The atoms
populate the state |g〉 and form a Bose-Einstein conden-
sate characterized by the field-operator ψ̂g (r) = ρ
1/2
0 +
∆ψ̂g (r) , where ρ0 = N0/V0 is the density of the (homo-
1
geneous) condensate [18] and the field operator ∆ψ̂g (r)
describes (small) deviations from an ideal condensate due
to non-condensate atoms. There are also Bose field-
operators which account for the other two electronic
states. These are expanded in terms of plane waves as







where bk,j annihilates an atom with internal state |j〉
(j = q, e) and wave-vector k.
A classical control field, with wave-vector kc and an-
gular frequency ωc, couples the internal states |q〉 and



















with ω˜q,k−kc = ωq,k−kc +ωc, where ωj,k = ωj + h¯k
2/2M
(j = q, e) are the atomic excitation energies (in units of
h¯), and Ωc is the Rabi frequency determining the magni-
tude of the excited-state splitting. To remove an explicit
time dependence due to the control field, we have adopted
a rotating frame (with the frequency ωc) for the state |q〉.
Adding now the interaction with a quantized probe
field, the Hamiltonian for the combined system of probe
photons and atomic medium is written
H = Hatom +Hrad +Hrad−atom +Hcont. (3)











where ak is the annihilation operator for a probe photon
(polarized along the dipole moment µ for the transition
|g〉 → |e〉), and the summation is over all wave-vectors






describes the interaction between the probe field and the
atoms, where d(r) is the electric displacement field oper-
ator and p(r) = µψ̂e (r)
†
ψ̂g (r) + h.c. is the polarization




represents the contact interaction which appears in
the multipolar formulation of QED [19–22], commonly
adopted with x = 1.
We choose x = 2/3 in the contact interaction [23].
Such a choice yields the proper local field corrections
featured in the refractive index (11). Although the lo-
cal field effects (and hence the contact interaction) are
unimportant in the vicinity of the EIT resonance, where
n ≈ 1, we shall not restrict ourselves to this specific sit-
uation. In fact, by changing the direction of the control
laser beam, the slow polariton can be moved away from
the EIT resonance, as we will discuss later on.
It is instructive that in dielectric crystals the local field
effects emerge through the Umklapp processes [8,9,14].
In such a situation, the photon operators ak are to be re-
placed by ak+G in Hrad−atom [Eq. (7)], and a summation
over the inverse lattice vectorsG appears. In the present
case, however, there is no discrete lattice, and the local
field effects emerge through the contact interaction [24].
We take into account only coherent optical processes in
which the absorption of a photon promotes a condensate
atom to the excited electronic state from which photon
emission returns the atom to the condensate. For this
purpose, we make the replacement ψ̂g (r) → ρ
1/2
0 in the
polarization field p(r) which enters the interaction op-
erators Hrad−atom and Hcont. In doing this, incoherent
processes, such as the spontaneous emission of a photon
with wave-vector other than that of the absorbed probe
photon, are disregarded. Spontaneous emission effects


































where the transition dipole µ is chosen to be real.
The complete Hamiltonian, Eq. (3), with the simplified
terms (7) and (8), has been diagonalized by a Bogoliubov
transformation, which mixes the radiative and material
modes to yield the polaritons. We have thus obtained,








m,kPm,k + const, (9)
with m = 1, 2, 3 labeling the polariton dispersion
branches (Fig. 2). The eigen-frequencies ω
(m)
k ≡ ω are
to be determined from
ω = ck/n, (10)




(x = 2/3) , (11)






∆ω2 + β∆ω − Ω2c
. (12)
In Eq. (12) ∆ω = ω − ωc − ωq,k−kc is the detuning from
the two-photon resonance and β = ωq,k−kc +ωc−ωe,k is
the frequency mismatch of the control laser.
The Bose operator for annihilation of a polariton,




















is the radiative contribution to the polariton; vg =
(n/c+ 1/vg0)
−1
is the radiative group velocity, with dis-
persive contribution vg0 = (c/ω) (∂n/∂ω)
−1
. Both n and
vg0 are calculated at ω = ω
(m)
k . For slow polaritons, vg0
is much less than the phase velocity c/n, so that one
can write vg ≈ vg0. The second term P
(mat)
m,k represents
the material contribution to the polariton. For moderate
detuning (|∆ω|  ω), one finds
P
(mat)
m,k = iu [bq,k−kc + (∆ω/Ωc) be,k] , (15)







Note that in contrast to Refs. [15–17], we do not re-
stricted ourselves to the exact EIT resonance (∆ω =
ω − ωc − ωq,k−kc = 0) when deriving the polariton op-
erators given by Eqs. (13)-(15). The present theory is
valid, not only in the immediate vicinity of the EIT res-
onance, but also for the whole branch of slow polaritons
(m = 2). Furthermore, we include the translational mo-
tion of atoms, as well as the wave-vector dependence of
the electromagnetic and material fields. The analysis of
the latter shows the possibility of reverting a stopped
probe pulse (see below).
A polariton can decay spontaneously into a photon and
a translationally excited ground-state atom. The decay
rate is determined by the excited state contribution to
Eq. (15), giving Γ = u2 (∆ω/Ωc)
2
Γ0, where Γ0 is the rate
of atomic radiative decay and u ≈ 1 provided |∆ω| 
Ωc. The polariton transmission probability is then: T =
exp (−lΓ/vg), l being the propagation distance.
The polariton decay disappears almost completely in
the vicinity of the EIT resonance, at k = k0, for which
ω = ωq,k0−kc + ωc = ck0 and hence ∆ω = 0. In such
a situation, the relative dielectric permittivity is close to
unity (n2 ≈ 1+∆ωµ2ρ/h¯ε0Ω
2
c), giving ∆ω ≈ vg (k − k0),
with vg ≈ vg0 = 2Ω
2
c h¯ε0c/ω0µ
2ρ c being the radiative
group velocity [5]. From this, the EIT polariton is char-
acterized by a dispersion ω ≈ ωc+ vg (k − k0) +ωq,k−kc ,
in which the k-dependence comes from both the electro-
magnetic contribution, vg (k − k0), and the translational
motion of the atoms. The full group velocity is then
v˜g = ∂ω/∂k ≈ vg0 + h¯ (k − kc) /m, (16)
in which the atomic velocity, h¯ (k − kc) /m, is relatively
small even for counter-propagating control and probe
pulses (typically of the order of a few cm/s). Here we use
scalar notations for k and kc, assuming a linear alignment
of the control and probe beams.
Consider now a wave-packet of EIT polaritons (a probe












is a coherent state, |vac〉 being the vacuum state:
P2,k |vac〉 = 0. The Bose operator for annihilation of the
EIT polariton can be written as P2,k = iubq,k−kc+∆P2,k,
where u is close to unity and ∆P2,k = (vg/c)
1/2
ak +
iu (∆ω/Ωc) be,k is a small contribution from a photon
and an electronic excitation. Consequently, the state vec-
tor, Eq. (17), can be separated into two parts, writing
|αk〉 = |α˜k〉 + ∆ |αk〉. Here |α˜k〉 is the coherent state
of spin excitations defined by making the replacement
P2,k → ibq,k−kc , αk → uαk ≈ αk in Eq. (17). The
second term, ∆ |αk〉, accounts for the photons and elec-
tronic excitations, and it makes a tiny contribution to the
state vector |αk〉. We see that the information defining
the state vector |αk〉 is contained almost entirely in its
spin component |α˜k〉 (and this holds also if non-classical
rather than coherent states are involved). Hence, in or-
der to store the essential part of the probe pulse, there
is no need to switch off the control beam adiabatically,
as suggested by Fleischhauer and Lukin [15]. Even if the
control laser is switched off instantaneously, only the very
small part of the state-vector ∆ |αk〉 experiences fast de-
coherence during the subsequent evolution. After loosing
this component, the probe pulse is represented entirely by
the spin excitations, for which the electromagnetic group
velocity is zero. One can think, therefore, in terms of an
almost perfect mapping of the EIT polaritons onto the
collective spin excitations, giving P2,k → ibq,k−kc and
hence |αk〉 → |α˜k〉. By switching on, subsequently, a
control beam with wave-vector k′c, the polariton regains
the radiative component P
(rad)
2,k′ , leading to the opposite
transformation: bq,k−kc → P2,k′ , where k
′ = k− kc + k
′
c
is the wave-vector of a regenerated polariton [25].
Such behavior can be identified as a kind of time-
resolved four-wave mixing (specifically a kind of photon
echo [26]) involving the original probe pulse k, two con-
trol beams (kc and k
′
c), as well as a regenerated probe
pulse k′; the wave-vectors satisfy the phase matching
condition k − kc = k
′ − k′c. A distinctive feature of
the present situation is the involvement of slow polari-
tons in the EIT media. If the wave-vector of the con-
trol beam does not change (k′c = kc), one arrives at
degenerate four wave mixing in which the regenerated
probe photon is characterized by the same wave-vector
3
as the original: k = k′. This is the situation investigated
in the recent papers [6,7,15,16] on the storing of probe
pulses in EIT media. With co-propagating control and
probe beams, one can change the direction of the probe
pulse by changing the direction of the control beam [27].
For instance, if k′c = −kc, then k
′ = −k − 2 (kc − k),
so the reverted EIT polariton experiences a frequency
shift δω′ ≈ 2v′g (kc − k). In the experiment on sodium
atoms [6], one has |kc − k| /k ≈ 10
−5, vg/c ≈ 10
−7,
ω ≈ 3 × 1015s−1 and Ωc ≈ 10
7s−1. Under these condi-
tions, the frequency shift δω′ ≈ 6×103s−1 (calculated for
v′g = vg) is very small compared to the Rabi frequency,
and the reverted polariton remains in the EIT region.
For counter-propagating beams, the wave-vector of the
new polariton is k′ = k + 2k′c ≈ 3k, i.e. the polariton
becomes situated close to the upper band edge where
there is a finite rate of radiative decay, Γ′. The polariton
continues moving in the same direction, but no longer
belongs to the EIT region. To investigate this situation
in more detail, we neglect the mismatch of the control
laser (β = 0). If p = Ω′ch¯ε0/µ
2ρ 1, Eqs. (10)-(12) yield










where Ω′c is the Rabi frequency of the second control
beam. The slow polariton with k′ = 3k = 3ω0/c decays
then at a rate Γ′ = (∆ω′/Ωc)
2
Γ0 ≈ 4p
2Γ0 that is much
less than the spontaneous decay rate Γ0 of the excited
state. On the other hand, if p > 1, the condition |∆ω′| 
Ω′c is no longer valid. The stored polariton decays then at
the rate comparable to Γ0, leading to fast decoherence.
In this way, one can control the rate of the radiative decay
of the slow polariton by varying the Rabi frequency Ω′c.
Finally, we note that the collisions between the atoms
will introduce very little decoherence of the stored probe
pulse in a BEC. In fact, when the control beam is off,
a pulse of atoms in the hyperfine state q moves in the
main condensate at the velocity h¯ (k − kc) /m. If such a
velocity does not exceed the critical velocity, the pulse
undergoes superfluid motion with little dephasing [28].
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